A new cutting force model for peripheral milling is presented based-on a developed algorithm for instantaneous undeformed chip surface with NURBS. To decrease the number of the differential element, the contact cutting edges of end-milling cutter with the part and the chip thickness curve are represented by NURBS helix, and the instantaneous undeformed chip is constructed as a ruled surface with the two curves. The cutting force generated by the edge contact length and the uncut chip area. Using the cutting coefficients from Budak[1] , the cutting-force model verified by simulation. The simulation results indicate that new cutting-force model predict the cutting forces in peripheral milling accurately.
Introduction
Peripheral milling is a common manufacturing process in the aerospace, automobile, die and mold. The accuracy of the dimensional and geometric often relate to the product quality and cost. The variable cutting force in peripheral milling cause workpiece deflection, tool deflection, tool wear and chatter vibration which may lead to bad parts and to a considerable waste of time and money.
An accurate dynamic cutting force model is very important for precise prediction of tool and workpiece deflection in peripheral milling. According to Smith and Tlusty [2] , Liu [3] summarized several models to prediction the cutting forces and pointed out the cutting force modes presented by Ismail [4] and Elbestawi [5] that do not consider the size effect of the undeformed chip thickness and the influence of the effective rake angle, and presented an improved model taking account the two factors. Yucesan [6] and Bayoumi [7] developed models from the differential normal and friction forces acting on the rake face that are expressed as a functions of the differential area of the undeformed chip cross-section. In their research, the cutting force coefficients ( f n K K , ) were regarded as the variables about the cutter rotation angle and the position angle of a point on the cutting edge. Yun [8] treated the cutting force coefficients as the constant based on the models [6] [7] and presented an approach to estimate run-out related parameters.
Since the geometry of tool edge is complex, most of the cutting edges of cylindrical helix are considered as discrete simple elements, as Fig. 1 shown. Engin and Altintas [9] presented a generalized mathematical model of most helical end mills including helical ball, tapered helical ball and bull nose cutters. El-Mounayri and ect. [10] Presented that any shape of cutting edge can be represented by 3D polynomial curves, such as cubic Bezier curves which are general and computationally efficient. These cutting force prediction models normally are the discrete cutting edge in straight segments, the relevant undeformed chip are sliced along the axial direction, too. Each slice with a uniform undeformed chip thickness can be modeled as for single oblique cutting. Divided into the smaller, the more accuracy of the forecasting cutting force is predicted.
A model of end milling force based on undeformed chip surface with NURBS is introduced in this paper. The helical contact cutting edge and thickness curve is represented by NURBS helix and the undeformed chip is expressed as ruled surface in Section 1. In Section 2, a new approach for the prediction the cutting force based on the undeformed chip with NURBS in the peripheral milling is detailed. In Section 3, predicted cutting forces for the peripheral milling of the titanium alloy from a series of simulations are presented. helical angle β is at angle φ , the contact helix will have a circular angle θ . According to the algorithm presented by Pu and Liu [11] , a helix curve
Can be represented by initial NURBS helix and it can be approximated using subdivision algorithm for a given tolerance. The contact helical edge can be presented 
The NURBS helix of the flute j can be expressed using the same way.
Undeformed Chip Surface with NURBS. At any moment during the tool-workpiece engagement, the unformed chip thickness for a tooth engaged in cutting is determined through finding the intersection point of the surface left by the preceding tooth and the line passing through the current tooth tip and cutter axis c O as shown Fig. 2 , and the feed rate is ft . Assume the surface left by the preceding tooth to be a cylinder with the axis t O , the intersection points make of a thickness helical If st rule surface with NURBS come form Piegl [12] .
Modeling of End Milling Forces
Mechanics of End Milling Forces. The immersion angle for flute j at axial depth of cut z therefore is
In mechanistic model, an elemental cutting forces model is applied to each differential cutting edge discrete element. The element tangential , The cutting coefficients (6) The integrals of the differential cutting forces can be calculated numerically using Gaussian quadrature over the NURBS domain. The Gaussian integration parameters are chosen according to the degree of the NURBS curve or surface. Cutting force distribute on the part as shown in Fig. 2 . There are three Gaussian points for quadratic NURBS curve element and there are six Gaussian points for the ruled surface element to evaluate the integration according to observations of Hughes et al. [16] . The integral limits are first changed to -1 and 1 by using the following transformation: 
The normal vector of the curve ( , 0) u S is ( )
x y z u u u n n n u = = S n S (13) Actually, the value of s n of the normal of the helix curve is zero. The different tangential, radial and axial force can be resolved in the feed (x), normal (y) and axial (z) directions acting on the edge of the flute.
The total cutting force can be obtained by integrating the differential cutting forces along the contact cutting edge 
The cutting forces contributed by all flutes are calculated and summed to obtain the total instantaneous forces on the cutter at rotation angleφ .
Milling Force Simulation Fig. 4 shows the undeformed chip surfaces in the milling process. The predicted milling forces for a half immersion up milling cutting using a 19.05 mm diameter, four flute end milling with 30 degree helix angle. The feed rate is 0.25 ft = mm/tooth, and the axial depth of cut is 5.08 mm. From the knots vector of the curve 1 ( ) u C , the number of the integral elements is only two, and the undeformed chip surface is only two elements. The red start points are the Gaussian points.
Predicted cutting forces for the peripheral milling of the titanium alloy, the cutting force coefficients ( , , , , , ) tc rc ac te re ae K K K K K K can be found experimentally using cutting forces per tooth averaged for a specific type of tool and material [1] . The constants used in the simulation were . The simulation results for the predicted milling force shows in Fig. 5 which the feed rate 0.05 ft = mm/tooth. Compare the predicted milling forces using new method with the cutting forces using the traditional method, the different is very small. Fig. 4 The undeformed chip in the milling process In order to decrease the number of the differential elements, a new approach to predict the cutting force based on undeformed chip surface with NURBS has been presented. The method involves the establishment of undeformed chip surface with NURBS, the resolve cutting forces and the integrals of the differential cutting forces. The predicted cutting forces can be calculated by using a few Applied Mechanics and Materials Vol. 33 361 differential elements. The simulation shows a good agreement between the new method and the traditional method.
Conclusions

